Pathogens of the oomycete group, especially the order Peronosporales, cause destructive diseases of a wide range of plants, many of them of economic importance. Oomycetes include obligate biotrophic pathogens, such as the downy mildews and white rusts, and necrotrophic pathogens such as Pythium and Phytophthora species. The oomycetes classically have been included with the fungi by taxonomists. However, several biochemical characteristics such as cell wall composition, the pathway for lysine biosynthesis, and most conclusively the sequence of the 17S rRNA (5) have demonstrated that the oomycetes are more closely related to algae in the kingdom Protoctista (3), in particular to chrysophytes and diatoms, than to true fungi or to higher plants. Thus, oomycetes constitute a distinct group of eukaryotic plant pathogens with an independent evolutionary history. They may potentially have unexpected biochemical mechanisms for interacting with plants and unexpected genetic mechanisms for regulating those interactions and creating variation.
More than 43 species of Phytophthora have now been described. Members of this genus cause a wide variety of diseases on major food crops, forest, fruit, and nut trees, and many ornamental plants. The species Phytophthora parasitica causes root, stem, and fruit rot on more than 90 plant species, including conifers, citrus, tomato, and tobacco (13) . Although P. parasitica as a species has a wide host range, individual strains usually have a very narrow host range (1, 6, 12) . For example, isolates of P. parasitica from tobacco (sometimes referred to as P. parasitica var. nicotianae) are pathogenic only on that host (7) .
Phytophthora species secrete small extracellular proteins collectively termed "elicitins." These proteins induce a vigorous defense response (hypersensitive response) locally and distally in certain plants of the families Solanaceae and Cruciferae (9) . Among the Solanaceae, response to elicitins is genus specific, being restricted to Nicotiana species, whereas among the Cruciferae, the response is cultivar specific, being restricted to certain radish and turnip cultivars (9) . The response to elicitins induces resistance against subsequent infection by P. parasitica (on tobacco) and by the bacterial pathogen Xanthomonas campestris pv. armoraciae (on radish) (9, 14, 15) . Some isolates of P. parasitica that are virulent on tobacco do not produce elicitins, while many isolates of P. parasitica and other Phytophthora species that are nonpathogenic on tobacco secrete elicitins (14, 15) . Therefore, elicitins have been proposed to act as avirulence factors in the interaction between P. parasitica and tobacco. That is, they may block or slow infection by the pathogen by triggering a defense response in the host (9, 14, 15) . In this paper, evidence for this hypothesis is examined by determining elicitin production by a large collection of Phytophthora isolates representing 14 species. We also examine the virulence on tobacco of a collection of P. parasitica isolates which do or do not produce elicitin, and the virulence of progeny from a P. parasitica cross that segregates for elicitin production.
MATERIALS AND METHODS
Fungal strains and culture conditions. The various Phytophthora isolates used in this study are summarized in Table 1 . Phytophthora strains were grown in cleared or uncleared 20% vegetable juice (V8) medium supplemented with 1.5% agar at 24°C (13) . For elicitin production, Phytophthora isolates were grown for 2 to 3 weeks at 25°C in still culture in medium containing, per liter, 0.5 g of KH2PO4, 0.25 g of MgSO4 7H20, 1 g of asparagine, 1 mg of thiamine, 0.5 g of yeast extract, and 25 g of glucose (from Bonnet [1] ).
SDS-PAGE. Proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as previously described (8) . Following electrophoresis, gels were silver stained as described by the manufacturer (BioRad, Richmond, Calif.). Molecular weights were estimated by comparison with known molecular weight standards (Amersham, Arlington Heights, Ill.).
Purification of elicitins. Chromatographic purification of elicitins was conducted as described earlier (9) .
Hypersensitivity and pathogenicity assays. Induction of hypersensitivity was determined by infiltration of sterile distilled water solutions of elicitins into attached leaves as described by Klement (10) . Virulence of P. parasitica on Havana Coffey (4) .
Statistics. The correlation between growth rate in vitro and lesion rate in planta (see Fig. 5A ) was determined by using the computer program Cricket Graph 1.3 (Cricket Software, Malvern, Pa). Since it is reasonable to expect that linear growth rate in vitro may contribute to the rate of linear lesion progression in planta, the statistical contribution of growth rate to lesion rate among the non-elicitin-producing progeny was estimated by linear regression, by using Cricket Graph. Insufficient data were available for regression analysis of the elicitin-producing progeny. However, because the elicitin-producing progeny have the same parents as the non-elicitinproducing progeny, we assumed that the regression analysis of the non-elicitin-producing progeny could be extrapolated to the elicitin-producing progeny. The residual lesion rate was calculated for all progeny by subtracting the contribution of growth rate as calculated from the regression function: lesion rate (in mm/day) = 0.82 + 0.3Qx (growth in mm after 5 days) (see Fig. 6B ). The association of elicitin production with the residual lesion rate was then assessed by using the MannWhitney U test (11) . This nonparametric test was also used to assess the association between elicitin production and growth rate in vitro.
RESULTS
Most Phytophthora isolates produce elicitins. We surveyed 85 Phytophthora isolates representing 14 species for elicitin production by PAGE of crude culture filtrates ( Table 1 ). The production of extracellular elicitins appeared to be a common phenotype in all tested species of Phytophthora, as judged by the presence of 10-kDa proteins comigrating with authentic elicitins (Fig. 1) Elicitins from tobacco isolates of P. parasitica. As shown in Table 1 , five tobacco isolates of P. parasitica were found to produce elicitins. In order to test the biological activity of the proteins produced by these isolates, the elicitins of P. parasitica P1751 and P1960 were purified by chromatography (Materials and Methods). Leaves of tobacco (cv. Havana) were infiltrated with fractions containing 10, 50, and 100 nM of purified parasiticein from P175 1 and P1960, along with another purified parasiticein (from P. parasitica isolate 6H-11A from Hibiscus sp.) and with a cryptogein (from P. cryptogea isolate F2 from a Chrysanthemum sp.) (Fig. 2) . All proteins induced similar necrotic hypersensitive responses at 100 nM, and the minimal threshold for hypersensitive response induction varied between 10 and 50 nM. Therefore, the elicitins expressed by two tobacco P. parasitica isolates are as active as other elicitins in inducing a defense response in tobacco.
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ve not been tested for mm/day. However, the 17 elicitin nonproducers showed vari--ing isolates of P. para- Figure 6A shows that there is a strong correlation between linear growth rate in vitro and linear lesion progression in planta among non-elicitin-producing progeny (r = 0.60, P < 0.01). This suggests that there are significant genetic differences among the progeny that determine growth rate per se both in vitro and in planta. There also is a strong association between elicitin production and high growth rate in vitro (P < 0.005 by the Mann-Whitney U test), raising the possibility that elicitin is a fitness factor. In order to examine the association between elicitin production and virulence, separate from the association with growth rate, the apparent contribution of growth rate to lesion rate was calculated by regression analysis (Fig. 6A ). The regression equation was then used to calculate the residual lesion rate, i.e., the actual lesion rate less the lesion rate predicted from the in vitro growth rate. Figure 6B shows that there is a strong -TrT-T4 | <+T association between elicitin production and low virulence when 0 to O1 LoJ the effects of growth rate are accounted for (P < 0.025 by the sx £.a. cn IMann-Whitney U test), supporting the hypothesis that lack of elicitin production is required for high virulence. absence of elicitin production was mostly constrained to field isolates of P. parasitica from tobacco. Ricci et al. examined fifteen isolates of P. parasitica and similarly found that only tobacco isolates (nine) failed to produce elicitins (15) . We have shown previously that elicitins are host-specific elicitors, which induce a hypersensitive response only in tobacco and some radish and turnip cultivars, and that prior inoculation of tobacco plants with elicitin reduces subsequent infection by P. parasitica (9) . Therefore, the production in planta of elicitins by Phlytophthora spp. could interfere with the infection of responsive plants by triggering defense responses. The observation that many tobacco isolates fail to produce elicitins is consistent with the hypothesis that elicitins may act as avirulence factors in the P. parasitica-Nicotiana interaction.
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